Number of Reviews = 3 a b s t r a c t Recently, psychophysical studies have shown that humans with amblyopia do have binocular function that is not normally revealed due to dominant suppressive interactions under normal viewing conditions. Here we use magnetoencephalography (MEG) combined with dichoptic visual stimulation to investigate the underlying binocular function in humans with amblyopia for stimuli that, because of their temporal properties, would be expected to bypass suppressive effects and to reveal any underlying binocular function.
Introduction
Amblyopia is a condition in which there is profound abnormality of binocular vision. Animal studies have suggested that there is a loss of cells receiving input from both eyes and an increase in the number of cells that receive monocular input (Blakemore, Garey, & Vital-Durand, 1978; Eggers & Blakemore, 1978; Wiesel & Hubel, 1965) . While initially this was thought to be structural in nature, some later studies argue for a functional basis by showing that it can be pharmacologically reversed (Mower, Christen, Burchfiel, & Duffy, 1984) . Traditionally, humans with amblyopia were thought to have irretrievably lost binocular vision and so treatment has been focussed on recovery of monocular function using occlusion of the fellow good eye (P.E.D. I.G., 2005) . Psychophysical studies recently have argued that amblyopes have binocular function that is latent and only revealed when the suppressive interactions that normally block the participation of the amblyopic eye are eliminated (Baker, Meese, & Hess, 2008; Baker, Meese, Mansouri, & Hess, 2007; Mansouri, Thompson, & Hess, 2008) . There are new treatment approaches now that specifically involve recovery of binocular function by eliminating suppression (Kelly et al., 2016; Li et al., 2015; To et al., 2011) . These approaches assume that normal binocular vision results once suppression is eliminated, so it is important to understand the nature of binocular interactions for stimuli that do not initiate strong suppression and how they relate to that of a normal binocular visual system.
A recent study (Huang, Baker, & Hess, 2012) of amblyopic suppression using temporally modulated stimuli showed that suppression of the amblyopic response, while being evident for 1 Hz stimulation, is virtually abolished by 3 Hz stimulation for a wide range of dichoptic noise stimuli (e.g. overlay, surround and combined overlay and surround masks). What this means for the present use of temporally-tagged stimuli of 4 Hz and 6 Hz is that the degree of suppression evoked by these steady-state stimuli should be minimal and comparable, making them ideal probes of the latent binocular function not normally revealed because of the overriding influence of more dominant suppression effects. Furthermore, we have recently shown that magnetoencephalography (MEG) combined with the frequency-tagging of left and right eye responses is an ideal way of characterizing binocular contrast interactions in normal individuals (Chadnova, Reynaud, Clavagnier, & Hess, 2016) . Dichoptic contrast responses in normal observers can be modeled in terms of the binocular normalization that has been proposed from psychophysical (Ding & Sperling, 2006; Meese, Georgeson, & Baker, 2006) and fMRI (Moradi & Heeger, 2009) studies. This provided a basis against which binocular signal interactions in amblyopia can be compared. We set out to answer two questions: first, once active suppression is eliminated are the dichoptic interactions in amblyopia of a normal form? Second, if there are anomalies in dichoptic interactions beyond active suppression, can these be modelled by an input attenuation of the amblyopic eye (Baker et al., 2008) , a change in gain or both?
Measuring steady-state visually evoked response (SSVER) using MEG we quantify interocular interactions as a first step towards addressing the above questions. We use temporal frequencytagging to identify left and right eye responses to document how the contrast responses are altered under different conditions of reciprocal amblyopic/fellow eye stimulations. Using the canonical binocular normalization model (Ding & Sperling, 2006; Meese et al., 2006; Moradi & Heeger, 2009) we show that binocular combination in the amblyopic visual system is subtly different and this difference is characterized by reduced gain as well as attenuation of the input from the amblyopic eye. Furthermore, we observed a processing delay between the eyes of amblyopes compared with normal observers.
Methods

Participants
The work presented here consists of two protocols tested on different days: magnetoencephalography (MEG) and psychophysics. We collected MEG data from seven amblyopic participants (2 females, 5 males, age: 32 ± 11.6, see amblyopia characteristics of participants in Table 1 ), one of them could not participate in the psychophysics test. We used data from 4 participants from our previous experiment (4 males, mean age 32.5 ± 5.9 years) as a normal observers group (Chadnova et al., 2016) . We collected additional data on these four participants for the monocular delay between their eyes as well as their psychophysical threshold.
All participants signed the informed consent form that has been approved by the Ethics Review Board of the Montreal Neurological Institute, consistent with the Declaration of Helsinki.
Stimuli and procedures
The stimuli were programmed using the Psychophysics toolbox (Brainard, 1997; Pelli, 1997) in Matlab and presented on a 60 Hz refresh rate gamma-corrected 3 D LG monitor (23 00 , 1920 Â 1080, active area 509 Â 290 mm) with a set of polarizers to provide the dichoptic stimulation. The mean gray luminance of the screen was 112 cd/m 2 . The polarizers reduced the luminance of the screen to about 40% of its baseline level. The monitor was 170 cm from the observer.
We used a steady state visually evoked responses (SSVERs) paradigm (Norcia, Appelbaum, Ales, Cottereau, & Rossion, 2015) . A visual stimulus consisted of a binary noise pattern presented dichoptically and projected to each eye at 4 Hz and 6 Hz, respectively (Fig. 1) . We sinusoidally modulated the stimuli in an on/off mode, from the noise patterns to the mean luminance. The two eyes stimuli were overlapping on the screen but directed to each eye by means of polarized glasses. The stimulus duration was 4 s, The target contrast values were 0%, 8%, 16%, 32% and 64% and were presented on the screen at the flickering rate of at 4 Hz (''tagged" at 4 Hz). The 32% contrast mask was projected to the other eye and was tagged at 6 Hz.
Each condition was repeated 10 times in each block. The target and mask were alternatively presented to each eye in different blocks. A total of 3 to 4 repetitions of each block were recorded for each participant. The task given to all subjects was to maintain fixation on the central crosshair. Stimuli were viewed binocularly which should help stabilized for the amblyopic eye (Gonzalez, Wong, Niechwiej-Szwedo, Tarita-Nistor, & Steinbach, 2012) . Since the stimulus is essentially white noise containing all frequencies, it is difficult to gauge what effect, if any, any residual eye movement instability might have had on the amblyopic response.
A sample power spectral density of the primary visual cortex response to dichoptic stimulation for one subject in the amblyopic group is illustrated in Fig. 1 . Red and blue bins depict the responses to dichoptically presented stimuli to amblyopic (4 Hz) and fellow (6 Hz) eyes respectively.
Psychophysical threshold measure
For the psychophysics experiment, the detection thresholds were measured by the method of adjustment. The stimulus was the same as in the MEG experiment, a binary noise pattern occupying 8 degrees of visual field, presented with the psychtoolbox running on Matlab with a Bits++ system on an Iiyama Vision Master Pro 513 monitor (20 00 , 1024 Â 768, 85 Hz refresh rate). Mean luminance of the screen was 33 cd/m 2 . The monitor was 170 cm from the observer. We recorded threshold detection for each eye monocularly at 4 and 6 Hz. The non-tested eye was covered with an opaque patch during the session. The order of recording (left, right, 4 Hz and 6 Hz) was randomized. The participants were instructed to adjust the contrast of the stimulus by pressing the keys of a keyboard until the stimulus was minimally detectable to the tested eye. A total of 10 repetitions was recorded for each condition. The median detection threshold for all trials was computed for each temporal frequency for each eye for all participants.
MEG source modeling
MEG data were collected using a CTF OMEGA System with 275 axial gradiometers, inside a 3-layer magnetically shielded room. A Polhemus Isotrak system was used to digitize participants' fiducial landmarks (nasion and pre-auricular points) and head shape, using a minimum of 60 face and scalp points. Three head position indicator coils were fixed to the participants' head and referenced to the other digitized landmark, to localize the head's position with the MEG system at the beginning of each block. Two EOG electrodes were placed above and below the left eye to record eye and blink movements. Two electrodes were placed across the plane of the chest to collect ECG signal. Data were sampled at 2.4 kHz. The recordings began with a 2-min empty-room MEG recording, to capture daily environmental noise statistics (sample data covariance across MEG channels) that were used for head model calculations.
Individual retinotopic atlas from fMRI and co-registration procedure
The MEG analyses were based on the participant's anatomical brain image and retinotopically (functionally) defined scouts. The borders of the cortical area V1 were identified for every subject using the method described in Dumoulin and Wandell (2008) and Clavagnier, Dumoulin, and Hess (2015) . The V1 regions were imported into FreeSurfer as a custom atlas for subsequent MEG source analysis in Brainstorm (Tadel, Baillet, Mosher, Pantazis, & Leahy, 2011) .
Brainstorm could automatically read the annotation files as surface-based anatomical atlases in which the ROIs were recognized as scouts. The high-resolution cortical surfaces ($160,000 vertices) were down-sampled to 15,000 vertices, to serve as image supports for MEG source imaging (Baillet, Mosher, & Leahy, 2001 ).
Data preprocessing
MEG data preprocessing and data analysis were done using Brainstorm. The preprocessing steps consisted of detecting and attenuating artifactual contributions from heartbeats and eye blinks/movements to the MEG traces (Gross et al., 2013) . Occurrence of eye blinks and heartbeats was automatically detected from the EOG and ECG recordings. Signal-space projection vectors were then calculated for each type of artifact (Uusitalo & Ilmoniemi, 1997) , and in most cases the principal component with the highest eigenvalues was rejected for each artifact type. Finally the data were resampled to 1000 Hz.
Data analysis
Power of the response was derived from the power spectral density of all trials and across 0.5 s through 4 s and all vertices (1000 ms window). Trials in each block were normalized by dividing by the average responses to the blank stimulus at the same frequency for each block, and subsequently averaged per block.
Fast Fourier Transform (FFT) was used to estimate the phase of SSVEP signals at each of the tagging frequencies (4 or 6 Hz). We extracted the phase of the FFT obtained for each vertex at 4 and 6 Hz over 0.5 s to 4 s, for each trial. We discarded the first 500 ms from each trial to include only the steady state portion of Fig. 1 . Experimental setup. Checkerboard noise was projected dichoptically as a target at 4 Hz and as a mask at 6 Hz. In the condition demonstrated, 64% contrast was projected as a target to the amblyopic eye at 4 Hz, and the dichoptic mask was shown at 32% contrast flickering at 6 Hz. Power spectrum of the primary visual cortex (V1) response to the dichoptic stimulation at 4 and 6 Hz for an amblyopic participant. Red bar represents a 4 Hz bin and the blue bar depicts a 6 Hz bin. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) the visual response in the analysis (Cottereau et al., 2011) . The source location responding with maximum power at the stimulation frequency was identified in each hemisphere. The average of the phase at the tagged frequency across trials was then calculated. The group average and standard deviation were calculated across subjects.
Since we used a steady-state protocol eliciting a response identified at a unique frequency, phase delays can be transformed into time delays measured in milliseconds ([angle in radians] ⁄ 1000/(-tagging frequency ⁄ 2 ⁄ p)]. Therefore, the phase results will be reported as a delay between monocular fellow and monocular amblyopic eye conditions in milliseconds. For the normal observers group, the delay will be reported as a delay between the monocular dominant and monocular non-dominant eye responses.
All phase data analysis was performed using the circular statistics toolbox in Matlab (philippberens.wordpress.com/code/ circstats/).
Modeling
In order to characterize the mechanism of suppression, we compared 3 versions of the interocular normalization model that reflect different mechanisms for amblyopia (Baker et al., 2008; Reynaud and Hess, 2016) : a reduced gain control, (Fig. 3A , Eq.
(1)) a monocular input attenuation (Fig. 3B , Eq. (2)) and a reduced control gain + an input attenuation (Fig. 3C, Eq. (3) ) where the responses of the fellow resp F and amblyopic resp A eyes are respectively given by:
Reduced gain control model:
Input attenuation model:
Reduced gain control + input attenuation model:
where C F and C A represent the input contrasts in the fellow and amblyopic eyes respectively. The parameters describing the contrast response function: the maximum amplitude R max , the semisaturation constant C 50 , the slope n and the two parameters characterizing the amblyopic suppressions: the input attenuation w and the extra gain control term z were estimated by fitting the models to the data (Matlab fminsearch, with 0 < w < 1 and 0 < z).
The averaged estimated parameters and regression statistics for the fits of the 3 different models are reported for all subjects in Table 2 . All the individual values are reported in Supplementary materials. Fig. 2 illustrates raw data traces for monocular (solid line) and masked (dashed line) responses to 4Hz stimulation of the amblyopic (red line) and fellow (blue line) eyes at the test stimulus contrast of 16, 32 and 64% for one amblyope (A6). The mask is presented at the 32% contrast and is tagged at 6Hz in the masked conditions. In the monocular conditions, the contrast of the mask is set at 0%. The reduced monocular response from the amblyopic eye and the temporal delay between the traces of the amblyopic and fellow eyes can be appreciated at all contrast levels (panel 1 to 3, 16%, 32% and 64% test stimulus contrast).
Results
We used the response power at 4Hz in V1 for contrasts of 8, 16, 32 and 64% to build the contrast response functions for both the amblyopic (Fig. 3 , red diamonds) and fellow eyes (blue squares). Fig. 3 shows the data and model fits for one participant in the amblyopia group (A3). The response to monocular stimulation is plotted with open symbols and the response to the dichopticallypresented mask is shown with filled symbols. Continuous and dashed lines indicate model fits to the monocular and dichoptic conditions. All individual model fits parameters are available in Supplementary materials.
The fits by the reduced gain control and input attenuation model for one subject's data are represented in Fig. 3A and B respectively. We can see that these fits depart from the data. The fit with the combined reduced gain control + input attenuation model in Fig. 3C shows a better fit, which is expected given that it has one more free parameter.
The model parameter estimates include the maximum amplitude R max , the semi-saturation constant C 50 , the slope n, the input attenuation w and the extra gain control z. The fitting quality values are the average coefficient of determination r 2 , the average adjusted coefficient of determination r 2 , the degrees of freedom df, the summed Log-likelihood and the general Akaike information criterion AIC.
However, despite its smaller number of degrees of freedom, it has a better adjusted coefficient of determinationr 2 and Akaike criterion (Table 2) . Individually it presents a better Akaike criterion for 5 out of 7 subjects (see Supplementary Materials). Fig. 4 demonstrates contrast response functions for all participants in the amblyopic group. We used the combined reduced gain and input power attenuation model to fit the data for each participant. The power responses in both eyes grew monotonically as a function of increasing contrast (open symbols). In the fellow eye, saturation of power was observed in most participants at 32% contrast. No such saturation occurred in the amblyopic eye at any measured contrast. The responses to monocular stimulation were weaker in amblyopic eyes in all participants. When a dichoptic mask was presented to the other eye (filled symbols), a suppression of the contrast response was observed in both eyes. However, compared to binocularly normal subjects (Chadnova et al., 2016) , the amount of dichoptic masking was slightly less in our amblyopia group: both from the amblyopic eye toward the fellow eye and vice versa. The average estimate of the attenuation parameter w = 0.21, is well below one and indicates that the input of the amblyopic eye contributes 5 times less than the fellow eye to the binocular combination. The average estimate of the extra gain term z = 20.75, makes a total normalization (c 50 + z) almost 3 times bigger than the semi saturation constant c 50 .
To characterize these gain and attenuation mechanisms, we computed a unilateral suppression index in each eye (Fig. 5A) . The suppression index was calculated as the ratio between the monocular and dichoptic responses in the same eye.
The suppression index of the fellow eye that reflects how the amblyopic eye inhibits the fellow eye (A ? F, average ± STD is 1.17 ± 0.20) was significantly lower than that of the dominant eye in the normal observers group (ND ? D, average ± STD = 2.10 ± 0.64, p = 0.0182, two-tailed Wilcoxon rank sum test, z value (effect size) = À2.3623). The suppression index of the amblyopic eye (F ? A, average ± STD is = 1.38 ± 0.49) that demonstrates the inhibition of the fellow towards the amblyopic eye followed the same trend when compared to the index of the nondominant eye of the normal observers group, however it did not reach statistical significance (D ? ND, average ± STD is 2.14 ± 0.78, p = 0.16, two-tailed Wilcoxon rank sum test). In both amblyopes and normal observers, the suppression index was not different between the two eyes (p = 0.469 and p = 0.875, twotailed Wilcoxon signed rank test).
The attenuation is more representative of a monocular mechanism. To better characterize how attenuation affects the visual response, we tested monocular viewing conditions, both in the MEG (Fig. 5B) and psychophysically (Fig. 5C) . Fig. 5B depicts the delays computed by comparing the phase of monocularly acquired data for amblyopic and fellow eyes (amblyopia group) or dominant and non-dominant eyes (normal observers group).
One subject (A4) was excluded from the interocular delay calculations because his phase variance was found to exceed 0.5 rad 2 (see Methods). The low signal amplitudes of this subject's response could have been a consequence of the exotropia (15°) which would have involved peripheral stimulation for the amblyopic eye. No subject was excluded from the normal observers group. For the same reason, only the 16%, 32% and 64% contrast conditions are reported here. For individual subjects in the amblyopic group, the delays were significantly different from 0 for all the 6 subjects at 16% contrast and for 4 subjects at 32% and 64% contrast (Fig. 5B , Parametric Watson-Williams multi-sample test for circular data (Berens, 2009 ) with Holm Bonferroni correction for multiple comparison).
On average, the delay between the amblyopic and fellow eyes was constant despite the increasing contrast (À21.96 ms, À20.97 ms, À19.55 ms, average = À20.83 ms) which indicates that the delay occurs in suprathreshold conditions as well. In the normal observers group, the average delay at 32% contrast was -2.78 ms (only one subject's delay was significantly different from 0 at 32% (Parametric Watson-Williams multi-sample test for circular data (Berens, 2009 ) with Holm Bonferroni correction for multiple comparison). The two groups were significantly different from each other (p = 0.033, one-tailed Wilcoxon rank sum test).
Psychophysically, the monocular threshold in the amblyopic eye was significantly elevated from that in the fellow eye (mean ± STD is 3.77 ± 1.34 vs. 2.36 ± 0.7 at 4 Hz at 4 Hz (repeated measure ANOVA, p = 0.0264, F = 6.7816; g squared = 0.3535) and 3.57 ± 0.6% vs. 2.37 ± 0.73% at 6 Hz (repeated measure ANOVA, p = 0.0071, F = 11.3870, g squared = 0.4336). The thresholds of the amblyopic group for either eye looked different from the thresholds acquired from the normal observers group, however this was not significant (repeated measures ANOVA). However it is important to note that the normal participants' eyes were well balanced with threshold being similar between the nondominant and dominant eyes (2.91 ± 0.59% vs. 2.45 ± 1.25% at 4Hz, 2.92 ± 1.05% vs. 2.86 ± 0.73% at 6 Hz, p > 0.05 repeated measure ANOVA for both frequencies) and detection thresholds did not differ for stimuli at 4 or 6Hz.
Discussion
We measured steady-state visual evoked potentials using MEG in normal and amblyopic observers under temporal conditions (4 & 6 Hz) that are expected to not be affected by amblyopic suppression (Huang et al., 2012) . This allowed us to assess the capabilities of any latent binocular function in the amblyopic system. We demonstrated contrast response functions that were of lower amplitude in the amblyopic eye. Under conditions of dichoptic stimulation, we demonstrated that dichoptic masking in normal participants is slightly stronger than in amblyopes. Finally, we demonstrated a significant interocular response delay in amblyopes compared with normal observers. The interocular delay is unlikely to be explicable on the basis of reduced contrast responses of the amblyopic eye because there is no one to one correspondence between patients with the worse contrast response and those with the longest delay. For example, patients A7 and A5 both have poor contrast responses but very different delay profiles. Patient A6 has a minimal contrast deficit but a large delay.
In terms of contrast response functions, our results differ slightly from that of a previous study with the same approach using an EEG analysis (Baker, Simard, Saint-Amour, & Hess, 2015) . While not being definitive, our modeling of these functions, which assumes similar slopes between contrast response functions for amblyopic and fellow fixing eyes, seems to capture the data adequately. As a consequence, we find the attenuator model of Baker et al. 2008 fits the data well, although slightly superior fits were obtained with a combination of monocular attenuation and dichoptic gain changes.
A fundamental question in amblyopic pertains to the nature of the suppression that is believed to cause the deficits. Theoretically, the suppression could be active, constantly contributed by the fellow eye, or passive and hence relate more to the different weights attributed to each eye. In the case of the passive suppression, during normal viewing conditions (equal physical contrast presented to the two eyes), the dichoptic masking principle will dictate that signals from the amblyopic eye will only weakly influence the fellow fixing eye in the spatial frequency range in which amblyopic eye detection threshold is deficient (Baker et al., 2008) . This means that an amblyopic visual system is capable of demonstrating normal dichoptic masking at comparable suprathreshold contrasts when the detection deficits listed above are compensated for. Thus, whatever deficit is detected binocularly, its cause could derive from the known monocular threshold loss. As a consequence, attenuation of the affected eye input may be sufficient to explain the binocular amblyopic deficits since the amblyopic visual system can be approximated by a normal dichoptic masking with unequal weights assigned to the two eyes. Huang et al. (2012) compared the dichoptic masking in amblyopic and normal vision participants by estimating the threshold elevation on a letter discrimination task under dynamic dichoptic masking. They noted that dichoptic masking was slow compared to facilitation, and the amblyopic suppression was found to have similar dynamic to normal dichoptic masking.
The comparison of dichoptic masking dynamics between normal vision and amblyopic groups performed by Zhou et al. (2014) confirmed the Huang et al. (2012) finding that dichoptic masking was not different between the groups. Both the amblyopic and control observers experience contrast elevation as a function of stimulus duration (the longer the stimulus was presented, the stronger the noise masking was), demonstrating low-pass temporal property of suppression. The authors measured the suppression up to a duration of 500 ms, and 0.6-2.4 cycle/degree spatial frequency and confirmed that once the differences in detection threshold are accounted for, no evidence of additional suppression from non-amblyopic towards the amblyopic eye was seen.
Various other groups investigated interocular interactions in amblyopia for stimuli of suprathreshold contrast and did report some degree of suppressive control of the amblyopic eye by the fellow eye (Harrad & Hess, 1992; Levi, Harwerth, & Manny, 1979; Baker et al., 2008; Mansouri et al., 2008; Ding, Klein, & Levi, 2013a; Huang, Zhou, Lu, Feng, & Zhou, 2009; Huang, Zhou, Lu, & Zhou, 2011) .
Our goal was to get greatly reduce any active component of the suppression and to compare the amblyopic and normal observers systems in experimentally controlled settings.
Using MEG, we were able to reveal significant dichoptic masking in the normal observers and, to a lesser extent, in amblyopes. Although amblyopes devoid of suppression have comparable binocular interactions to those of normal observers, our modeling suggested a subtle anomaly in interocular balance in that an extra gain term was required for the amblyopic eye that was not needed for the fellow eye. This additional inhibition could represent what is a longer term consequence of chronic suppression. The suppression index we computed was however surprisingly small, suggesting weaker interocular inhibitory interactions in the amblyopic vision system when suppression is removed. These findings do indicate that even outside of the active suppression range, passive processes, modelled as reduced gain control and attenuation, are required to account for amblyopic performance.
A novel finding in our work is that the evoked response in amblyopic eyes is delayed relative to that of normal observers. There is considerable variability between amblyopes with an average delay for our amblyopic group of around 20 ms for the 4 Hz stimulus. Such a delay in itself may explain why amblyopes exhibit stereoscopic deficits that far exceed what one would expect on the basis of their reduced monocular acuity. The importance of synchronous stimulation for good stereopsis is controversial. The physiology suggests that for neurons in the primate visual system that encode disparity synchronous stimulation from each eye is crucial. A temporal delay of 14 ms, less than the average of our Fig. 5 . Interocular delay, suppression index and detection threshold for amblyopia and normal observers groups. A. Suppression index depicting the influence of a fellow to an amblyopic eye (red bar), an amblyopic to a fellow eye (blue bar) in amblyopia group and the influence from a dominant towards the non-dominant eye (light blue bar) and vice versa (light red bar) in a normal observers group. Asterisk indicates a significant (p < 0.05, Wilcoxon signed rank test) inter-group relationship. Error bars indicate standard deviation between subjects. B. Interocular delay is shown for each amblyopia group participants (A1, A2, A3, A5, A6, A7) at 16, 32 and 64% contrast. Delays for normal observers group are shown in the rightmost section of the panel (circular symbols), at 32% contrast. Filled symbols depict delays significantly different from zero (parametric Watson-Williams multi-sample test with Holm Bonferroni correction). Error bars indicate standard deviation between trials for each subject. C. Detection threshold at 4 Hz (solid bar) and 6 Hz (striped bar) for an amblyopic (AE), fellow (FE) eyes for the amblyopia group and non-dominant (NDE) and dominant (DE) eyes for the normal observers group. Asterisk indicates a significant (p < 0.05, repeated measure ANOVA). Error bars indicate standard deviation between subjects. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) amblyopic group, can be sufficient to disrupt disparity tuning of cortical cells (Cumming & Read, 2005) . Human psychophysics suggests that delays of the order of 50-100 ms can be tolerated (Ludwig, Pieper, & Lachnit, 2007; Ogle, 1963) . We have previously shown using an identical MEG protocol (Chadnova et al., 2016 ) that a neutral density (ND) filter of 1.5 ND in front of a normal eye can produce a response delay of 38 ms, so it comes as no surprise that, at least in some amblyopes, stereopsis (especially, motion-indepth) can be restored by the placement of a ND filter of the appropriate density in front of the fellow fixing eye (Hess, Mansouri, Thompson, & Gheorghiu, 2009) . It is also expected on the basis of the current explanation of the Pulfrich Effect (Pulfrich, 1922) , that at least some amblyopes should experience a spontaneous (i.e. no ND required) Pulfrich Effect (Tredici & von Noorden, 1984) . A question remains however as to the neural basis of this delay. In principle it could be due to slower transmission of signals in the optic nerve or tract or to slower signal integration by cortical visual neurons. We believe the more likely of the two is more prolonged temporal integration which in term could be associated with the reduced contrast response of neurons in the visual cortex driven by the amblyopic eye.
